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Abstract
We point out that a model with scalar fields with a large nonminimal coupling to the Ricci scalar,
such as Higgs inflation, can be regarded as a nonlinear sigma model (NLSM). The σ-meson, which
is induced by quantum corrections, is identified as the scalaron in this model. Our understanding
provides a novel alternative picture for the emergence of the scalaron, which was previously studied
in the Jordan frame by computing the running of the term quadratic in the Ricci scalar. We demon-
strate that quantum corrections inevitably induce other operators on top of this NLSM, which give
rise to the σ-meson. We confirm that the σ-meson indeed corresponds to the scalaron. With the
help of the σ-meson, the NLSM is UV-completed to be a linear sigma model (LSM). We show that
the LSM only involves renormalizable interactions and hence its perturbative unitarity holds up to
the Planck scale unless it hits a Landau pole, which is in agreement with the renormalizability of
quadratic gravity.
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1 Introduction
1.1 Introduction
Cosmic inflation is a successful paradigm for the description of the very early Universe. While solving
the flatness and horizon problems in Big Bang cosmology, its accelerated expansion of the Universe
provides an origin of anisotropies in the cosmic microwave background (CMB) and gives rise to pri-
mordial gravitational waves. Such quasi-de Sitter phase is realized once we have a scalar field, the
so-called inflaton, slowly rolling down its potential during inflation. The combined bounds from the
current observations in the (ns ,r )-plane [1] imply a concave potential for the inflaton.
Inflation caused by the Standard Model Higgs stands out as an attractive candidate model among
many others because of its minimality. To have successful inflation, a nonminimal coupling to gravity
is introduced in Refs. [2–4]:
Lξ = ξR |H |2 , (1.1)
where H is the Standard Model Higgs doublet and ξ is the nonminimal coupling of H to the Ricci scalar
R. This term modifies the Higgs quartic potential for a large field value of the Higgs |H |&MP/ξ, sur-
prisingly in perfect agreement with the aforementioned observational bound [1]. To produce a curva-
ture perturbation of the right magnitude, the Higgs quartic coupling λ and the nonminimal coupling ξ
should fulfill ξ2 ' 2×109λ, implying ξÀ 1 unless λ is extremely small.\1
Classically, such a large coupling is just a choice of a parameter. However, quantum corrections
induce other operators associated with this large coupling via a renormalization group (RG) flow. By
computing scalar one-loop diagrams in the Jordan frame, one finds an enhancement of the R2 term for
ξÀ 1 [7–12]
Lα =αR2, dα
dlnµ
=− N
1152pi2
(6ξ+1)2 , (1.2)
where N counts the number of real scalar fields, i.e., N = 4 for Higgs-inflation. This R2 term makes
the spin-0 part of the metric dynamical [13–16], corresponding to the introduction of the the so-called
scalaron, whose mass is m2s ∼ M2P/α. Although one may choose α to be small at a particular scale,
this never holds for the entire range of energy scales, implying its typical value is α ∼ ξ2 À 1.\2 On
the other hand, the Renormalization Group Equation (RGE) of the other operator appearing at the
same loop level,Lα2 =α2(RµνRµν−R2/3), does not depend on ξ.\3 Therefore, as depicted in Fig. 1, the
scalaron typically shows up much below the cutoff scale where the problematic spin-2 ghost associated
\1 See Refs. [5, 6] for critical Higgs inflation where the top quark mass is tuned such that the Higgs four-point coupling
becomes tiny via the running.
\2 Strictly speaking, the running coupling at a scale µ involves a numerical factor and a log term as αµ ∼ 10−2ξ2 lnΛ/µ (for
N = 4). HereΛ is the UV cutoff scale and it is chosen so thatαΛ is small. Throughout this paper, we omit this numerical factor
in the estimation because it is translated into at most an order one factor in the scalaron mass, ms ∼MP /α1/2.
\3 The beta functions ofα andα2 are computed in, e.g., Refs. [12,17–26], although the sign of the beta function ofα is wrong
in some references. Eq. (1.2) agrees with, e.g., Refs. [12, 17, 20–22, 25, 26].
2
M
ms ∼MP/ξ
ξR |H |2 , αR2
¿ m2 ∼MP
α2RµνRµν
Figure 1: A schematic picture of the typical scale M of the spin-0 operators ξR |H |2 and αR2, and the spin-2 operator
α2R
µνRµν for ξÀ 1. Quantum corrections induce the R2 term with its coefficient typically α ∼ O (ξ2), while the RµνRµν
term is not affected by ξ and hence typically α2 ∼ O (1). As a result, there is a large hierarchy between the scalaron mass
m2s =M2P /12α and the spin-2 ghost mass m22 =−M2P /2α2, which justifies to ignore the spin-2 sector for ξÀ 1.
to RµνRµν [27] appears, i.e., ms ∼MP/ξ¿m2 ∼MP for ξÀ 1 [12]. This also guarantees the appearance
of the scalaron within the validity of effective field theory.
Although physics should be frame independent, all these observations for the appearance of the
light scalaron at ξ À 1 rely on the Jordan frame analysis. To illustrate this question, let us go to a
conformal frame by performing the Weyl transformation, where the Higgs is decoupled from the scalar
part of gravity (i.e., conformal coupling).\4 In this frame the appearance of the scalaron cannot be seen
as an enhancement of the R2 term because there is no large running for α. The large nonminimal
coupling in the defining frame (1.1) is now converted to the curvature of the field space metric in the
conformal frame. Namely, Higgs inflation becomes a nonlinear sigma model (NLSM) with
L = |∂H |2+ 1
2
(6ξ+1)2 ∣∣∂(H†H)∣∣2
6M2P −4(6ξ+1)H†H
−λ |H |4 . (1.3)
Notice that, since the Higgs field contains four degrees of freedom, one cannot flatten away this curva-
ture by using field redefinitions.\5 Hence, in this frame, the light scalaron should solely stem from the
property of this NLSM (1.3).
The appearance of a new degree of freedom from quantum corrections has been observed in many
NLSMs. The classic example is a NLSM on a target space of SN−1 ' O(N )/O(N −1), the so-called O(N )
NLSM, which describes a low-energy effective field theory of Nambu-Goldstone (NG) bosons (pions)
after spontaneous symmetry breaking of O(N ) into O(N − 1). In Refs. [31, 32], this model was inves-
tigated in the large-N analysis in 2+ ² dimensions, and a σ-meson as a new scalar degree of freedom
was found. In Refs. [33, 34] it is suggested that the standard model Higgs boson could be regarded
as a σ-meson by identifying longitudinal modes of standard model gauge bosons as NG bosons on
O(4)/O(3). Another well-known example is a NLSM on CPN−1 which can be written as a linear sigma
model (LSM) by introducing an auxiliary gauge field that makes the hidden local symmetry [35, 36] ap-
parent. As shown in Refs. [36–41], quantum corrections make this auxiliary gauge field dynamical, the
so-calledρ-meson. The Nambu–Jona-Lasinio model [42,43] and the Gross–Neveu model [44], although
\4 See Eq. (2.15) for its precise definition.
\5 One should not naively think that the kinetic term can be flattened by just looking at the radial part of Higgs because there
are NG bosons. For a theory with one real scalar field, one can indeed flatten the kinetic term because its target space is a
one-dimensional manifold whose curvature always vanishes. In the gauged case, the longitudinal modes of the gauge bosons
play the same role as the NG bosons in the unitary gauge because of the NG boson equivalence theorem. Refs. [28–30] provide
an understanding of the cut-off scale of Higgs inflation in terms of the target space curvature in the Einstein frame, including
the above points, in detail.
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not NLSMs, have a similar property, where mesons absent classically get generated by resummation of
four-Fermi interactions in the large-N limit.
Our main purpose is to provide a better understanding of the emergent new scalar degree of free-
dom in Higgs inflation. To this end, we show that Higgs inflation can be written as a NLSM on a specific
target space embedded inR1,N+1 which is composed of not only the Higgs field but the scalar part of the
metric, as far as the scalar sector of gravity is concerned. The frame transformation is then regarded as
a subset of coordinate transformations in R1,N+1, which clarifies the frame independence. By comput-
ing quantum corrections on this NLSM, we show that a new scalar degree of freedom shows up in the
spectrum which can be identified as a σ-meson. In particular, if one goes to a field basis corresponding
to the conformal frame (1.3), this identification becomes even more transparent because the structure
of the model is quite similar to the O(N ) NLSM.\6 We confirm that this σ-meson exactly corresponds
to the scalaron. As expected, the σ-meson UV-completes the NLSM to be a LSM with renormalizable
interactions, which is consistent with the renormalizability of quadratic gravity [22, 45–48].\7
1.2 Organization of this paper
The goal of this paper is to obtain a better understanding on Higgs inflation, in particular its quantum
properties, by reinterpreting it in terms of the NLSM. As a first step, in the next Sec. 2, we show that
Higgs inflation at the classical level (i.e., without any counter terms) can be mapped to a NLSM, as
far as only the scalar sector of the gravity is concerned. As we have argued in the introduction, it is
justified to focus on the scalar sector of the gravity in the limit ξÀ 1 (which we assume to be valid),
since the scalar sector of gravity is controlled by MP/ξ, while the spin-2 sector is controlled by MP . We
thus discuss the physics above MP/ξ but below MP and hence decouple the spin-2 sector of gravity in
the following.\8 Once we map Higgs inflation to the NLSM, we can understand several properties of
Higgs inflation in the language of the NLSM. For instance, since the Higgs is now regarded as a pion,
this NLSM implies the existence of a new particle, i.e., the σ-meson. In Sec. 3, by quoting the result of
Sec. 4, we show that the σ-meson of Higgs inflation is nothing but the scalaron (which comes from the
R2 term in the original Jordan frame language). As we will see, the NLSM viewpoint clarifies the reason
why Higgs inflation with the scalaron becomes renormalizable as far as the scalar sector is concerned.
In Sec. 4, we explicitly show how quantum corrections give rise to the σ-meson in the large-N analysis.
\6 Recall that the O(N ) NLSM is given by
L = 1
2
∂µφi∂
µφi +
(∂φ2i )
2
8(v2−φ2i )
. (1.4)
\7 Other UV-completions of Higgs inflation are discussed in Refs. [49–52]. In particular, Refs. [50,51] add an additional scalar
degree of freedom to UV-complete Higgs inflation which they call σ-field in analogy with the LSM. Their model is, however,
not a LSM in a strict sense since the target space with the additional field is still not completely flat. On the other hand, the
scalaron makes the target space including the scalar part of gravity completely flat (see Eqs. (3.3) and (3.12)), and hence is
identified as the σ-meson in a more strict sense.
\8 Even if we include the spin-2 sector of the gravity, we may regard Higgs inflaiton as a NLSM conformally coupled to
gravity with the help of the conformal compensator field, as demonstrated in App. C.
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We see that the scalaron, or the σ-meson, naturally becomes light due to quantum corrections for
ξÀ 1, in agreement with the result of Ref. [12]. We also clarify that the frame-transformation invariance
of the results is simply understood as the invariance under a field redefinition among the pions, or a
coordinate transformation in the target space. Sec. 5 is devoted to summary and discussion.
2 Higgs inflation as NLSM
This section is composed of two parts. In Sec. 2.1, we show that a model with scalar fields nonminimally
coupled to gravity, such as Higgs inflation, can be written as a NLSM, starting from the action in the
Jordan frame. The Weyl transformation in the original language is understood as a field redefinition
among scalar fields, or a coordinate transformation of the target space. In Sec. 2.2, we show by a field
redefinition that the target space of Higgs inflation takes the following simple form
6ξ+1
2
φ2i +
(
h+ Φ
2
)2
= Φ
2
4
in
(
Φ,φi ,h
) ∈R(1,N+1), (2.1)
where φi is a real scalar field, Φ is the scalar part of the metric (which we will define below), and ξ is
a nonminimal coupling. The summation over the index i ranging from 1 to N is implied. For Higgs
inflation N = 4. Note that the standard model Higgs potential has a global symmetry under O(4) '
SU(2)L×SU(2)R, which leads to the custodial symmetry.
We emphasize here that we do not consider any quantum effects in this section. Thus “Higgs in-
flation" in this section always indicates the theory without any counter terms. Quantum corrections of
Higgs inflation are studied in the large-N limit in Sec. 4, where we see that a lightσ-meson (or scalaron)
emerges as a dynamical degree of freedom, as we have already advertised in the introduction.
2.1 Higgs inflation as NLSM
We start from the action for Higgs inflation in the Jordan frame:
S =
∫
d4x
p−g
[
M2P
2
R
(
1+ ξφ
2
i
M2P
)
+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2]
, (2.2)
where MP is the reduced Planck mass, gµν is the spacetime metric with g its determinant, R is the Ricci
scalar, ξ is a nonminimal coupling, λ is a quartic coupling, and i = 1, ...,N with N = 4 for the standard
model Higgs. As mentioned in the introduction, we focus on the scalar sector of this model by assuming
ξÀ 1 in this paper. The metric contains two scalar degrees of freedom before gauge fixing, and we may
kill one of them by fixing the gauge such that the metric takes the form
gµν = e2ϕηµν. (2.3)
The Ricci scalar for the metric (2.3) is given by
R = 6e−3ϕeϕ. (2.4)
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By plugging Eq. (2.3) into Eq. (2.2) and redefining the scalar fields as\9
φi → e−ϕφi , (2.5)
the action is rewritten as
S =
∫
d4x
[
−1
2
(
∂Φ˜
)2+ 1
2
(
∂φi
)2+ 6ξ+1
2
(Φ˜
Φ˜
)
φ2i −
λ
4
(
φ2i
)2]
=
∫
d4x
[
−1
2
(
1− (6ξ+1) φ
2
i
Φ˜2
)(
∂Φ˜
)2+ 1
2
(
∂φi
)2− (6ξ+1) φi
Φ˜
∂φi∂Φ˜− λ
4
(
φ2i
)2]
, (2.6)
where the field Φ˜ is defined as
Φ˜≡p6MPeϕ. (2.7)
Thus, Higgs inflation is now written in the form of the NLSM with the curvature of its target space
controlled by the parameter 6ξ+1. In particular, if the scalar fields are conformally coupled to gravity,
ξ=−1/6, the target space is flat and the action reduces to a LSM as expected.
Two comments are in order. First, the kinetic term of Φ˜ has the wrong sign, and hence Φ˜ is a ghost-
like mode. In fact, such a ghost exists even in pure Einstein gravity (see, e.g., Ref. [53]), and it resembles
the time-like component of the U(1) gauge field in the Lorenz gauge. Although ghost-like, it is unphys-
ical and hence does not spoil the theory thanks to a residual gauge symmetry (see App. B for more
details on these points). Second, the Weyl transformation is now equivalent to a field redefinition of Φ˜.
One sometimes performs the Weyl transformation
gµν→Ω−2gµν, (2.8)
with some function Ω to move, e.g., from the Jordan frame to the Einstein frame. Since the trace part
of the metric is now entirely contained in the field Φ˜, the Weyl transformation is equivalent to the field
redefinition,
Φ˜→Ω−1Φ˜. (2.9)
In general, the physics of the NLSM is invariant under a coordinate transformation of the target space,
which in our case is a field redefinition among Φ˜ and φi . Since the Weyl transformation is merely one
particular form of such a transformation, physical results are not affected. In the next Sec. 2.2, we
perform a coordinate transformation of the target space so that one may easily find the target space of
Higgs inflation.
2.2 Target space of Higgs inflation
In the previous Sec. 2.1, we have seen that Higgs inflation is written in the form of the NLSM (2.6). In
this subsection, we study the target space of Higgs inflation in detail. For this purpose, let us go to a
\9 The right arrow hereafter means that we replace quantities on the left-hand side by those on the right-hand side.
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particular field basis by performing a field redefinition of Φ˜ as
Φ˜= 1
2
[√
Φ2−2(6ξ+1)φ2i +Φ
]
. (2.10)
The new fieldΦ satisfies
−6ξ+1
2
φ2i
Φ˜
= 1
2
[√
Φ2−2(6ξ+1)φ2i −Φ
]
, (2.11)
and hence the action (2.6) is written in terms ofΦ as
S =
∫
d4x
[
−1
2
(∂Φ)2+ 1
2
(
∂φi
)2+ 1
2
(∂h)2− λ
4
(
φ2i
)2]
, (2.12)
where the scalar function h = h(Φ,φ) is given by
h = 1
2
[√
Φ2−2(6ξ+1)φ2i −Φ
]
. (2.13)
It is clear from this expression that the target space of Higgs inflation is given by
6ξ+1
2
φ2i +
(
h+ Φ
2
)2
= Φ
2
4
in
(
Φ,φi ,h
) ∈R(1,N+1), (2.14)
which is an N +1-dimensional hypersurface in R(1,N+1).
The target space of Higgs inflation takes the rather simple form (2.14). In particular, if we take ξ =
1/6 and completely ignore gravity by takingΦ constant, it reduces to the O(N +1) NLSM. In this sense,
Higgs inflation can be understood as a modification of the O(N+1) NLSM. This simplicity explains why
Higgs inflation is unitarized by a σ-meson (or scalaron) induced by quantum effects, as we discuss in
Secs. 3 and 4 (see also Refs. [10,12,54]), or more generally, why the scalar sector of the quadratic gravity
is renormalizable [22, 45–48]. There is, however, an important difference between the ordinary NLSMs
and our NLSM (2.14): we have a ghost-like directionΦ originating from the metric. It is crucial to keep
track of Φ to correctly compute the scalaron potential as we see in Sec. 4. It also enables us to recover
the action with a general spacetime metric from the relation in Eq. (2.3). For instance, since Φ always
appears in place of
p
6MP , it is easy to see that the curved spacetime action corresponding to Eq. (2.12)
is
S =
∫
d4x
p−g
[
R
12
(
6M2P −φ2i − h˜2
)+ 1
2
gµν∂µφi∂νφi + 1
2
gµν∂µh˜∂νh˜− λ
4
(
φ2i
)2]
, (2.15)
where the scalar function h˜ = h˜(φ) is given by
h˜ = 1
2
[√
6M2P −2(6ξ+1)φ2i −
p
6MP
]
. (2.16)
This expression describes Higgs inflation in the conformal frame. Of course Eq. (2.15) can also be de-
rived from Eq. (2.2) by the Weyl transformation, as we show in App. A.2. This confirms that the field
redefinition (2.10) indeed corresponds to the Weyl transformation. Thus, the ghost-like field Φ plays
an important role in our discussion in the following. Note again that, although ghost-like,Φ is harmless
due to the residual gauge symmetry as we see in App. B.
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3 Scalaron as σ-meson
In the previous Sec. 2, we have shown that Higgs inflation at the classical level can be regarded as a
NLSM on an N+1-dimensional hypersurface spanned by the Higgsφi and the scalar part of the metric
Φ in R1,N+1. This structure can be seen easily in a particular basis as shown in Eq. (2.12):
S =
∫
d4x
[
−1
2
(∂Φ)2+ 1
2
(
∂φi
)2+ 1
2
(∂h)2− λ
4
(
φ2i
)2]
, (3.1)
where
h = 1
2
[√
Φ2−2(6ξ+1)φ2i −Φ
]
. (3.2)
Its target space is given by Eq. (2.14).
As we show in the next Sec. 4 by means of the large-N analysis, quantum corrections inevitably
induce other operators on top of Eq. (3.1), which in the end yields a new scalar degree of freedom, i.e.,
the σ-meson. The main purpose of this section is to confirm that this σ-meson is exactly the same as
the scalaron before going into details of the large-N analysis in Sec. 4. Let us start with the result (4.16)
in the next Sec. 4. Higgs inflation with quantum corrections in the large-N limit is given by
S =
∫
d4x
{
− 1
2
(∂Φ)2+ 1
2
(
∂φi
)2+ 1
2
(∂σ)2− λ
4
(
φ2i
)2− 1
144α
[
Φ2
4
−
(
σ+ Φ
2
)2
− 6ξ+1
2
φ2i
]2}
. (3.3)
The target space is now completely flat and the theory has become a LSM of Φ, φi , and σ. One can
recover Eq. (3.1) by taking the limit of α→ 0. Although one may fix the α parameter to be constant
classically, quantum corrections force it to run as Eq. (4.12), implying its typical value to be α∼Nξ2.
In the following, we first show that this σ-meson is nothing but the scalaron. Then, we discuss
the unitarity and renormalizability of the Higgs-scalaron system. We see that the expression Eq. (3.3)
clarifies these issues.
3.1 Scalaron as σ-meson
To avoid unnecessary confusion, let us first recover the information of the Ricci scalar so that the gravity
sector of (3.3) has the conventional form. By identifying Φ to be
p
6MPeϕ, recalling that gµν = e2ϕηµν
and rescaling φi and σ, we obtain Eq. (3.3) in the conformal frame
S =
∫
d4x
p−g
{
R
12
(
6M2P −φ2i −σ2
)+ 1
2
gµν∂µφi∂νφi + 1
2
gµν∂µσ∂νσ
− λ
4
(
φ2i
)2− 1
144α
[
3M2P
2
−
(
σ+
√
3
2
MP
)2
− 6ξ+1
2
φ2i
]2}
, (3.4)
where both the Higgs and the σ-meson are conformally coupled. This form of the potential is anal-
ogous to the UV-completion of the O(N ) NLSM on SN [Eq. (1.4)], where quantum corrections induce
a Mexican-hat potential of α−1[v2 −σ2 −φ2i ]2. A non-zero finite value of α generated quantum me-
chanically allows fluctuations perpendicular to the target space, corresponding to the σ-meson. Now
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it is clear that such an enhanced coupling, α ∼ Nξ2, leads to a light σ-meson below the cutoff, i.e.,
ms ∼MP/
p
α¿MP . Below, we show explicitly that this LSM is equivalent to Higgs inflation with an R2
term in the Jordan frame and hence the σ-meson is nothing but the scalaron.
As mentioned in the introduction (1.2), it is well known that a large ξ induces the R2 term by quan-
tum corrections in the Jordan frame analysis:
S =
∫
d4x
p−g
[
M2P
2
R
(
1+ ξφ
2
i
M2P
)
+αR2+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2]
. (3.5)
We rewrite it by introducing an auxiliary field X as usual:
S =
∫
d4x
p−g
[
M2P
2
R
(
1+ ξφ
2
i +4αX
M2P
)
−αX 2+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2]
. (3.6)
Since X does not have any kinetic term, its equation of motion is a constraint, and one recovers the
original action by substituting its solution (which gives X = R). We now transform the action to the
conformal frame, where the scalaron and the Higgs are conformally coupled to gravity as in Eq. (3.4).
We perform the Weyl transformation as
gµν→Ω−2gµν, φi →Ωφi and X →Ω2X , (3.7)
and then the action is rewritten as
S =
∫
d4x
p−g
[
M2P
2
(
1
Ω2
+ ξφ
2
i +4αX
M2P
)
R+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2
+3M
2
P
4
(
1
Ω2
+ (ξ+1/6)φ
2
i +4αX
M2P
)(
gµν∂µ lnΩ
2∂ν lnΩ
2−2 lnΩ2)−αX 2] . (3.8)
In order to end up in the conformal frame, we specify the conformal factorΩ as\10
1
Ω2
=
(
1+ σp
6MP
)2
, (3.9)
where σ=σ(X ,φ) is the solution of the equation(
1+ σp
6MP
)2
+ ξφ
2
i +4αX
M2P
= 1− φ
2
i
6M2P
− σ
2
6M2P
. (3.10)
We can think of σ as a fundamental field instead of X , and then X is given by
X = 1
12α
[
3M2P
2
−
(
σ+
p
6MP
2
)2
−
(
6ξ+1
2
)
φ2i
]
. (3.11)
\10 The choice of the conformal factor given below is unique up to multiplication by a constant factor. However, this constant
term is merely a redundancy of the model parameters and is not physical as we see in App. D. See also footnote \16.
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As a result, the action can be expressed in terms of σ as
S =
∫
d4x
p−g
{
R
12
(
6M2P −φ2i −σ2
)+ 1
2
gµν∂µφi∂νφi + 1
2
gµν∂µσ∂νσ
− λ
4
(
φ2i
)2− 1
144α
[
3M2P
2
−
(
σ+
p
6MP
2
)2
−
(
6ξ+1
2
)
φ2i
]2}
, (3.12)
which coincides with Eq. (3.4) as expected. This clarifies that, once Higgs inflation is viewed as a NLSM,
the scalaron that originated from theR2 term UV-completes the NLSM to be a LSM. The scalaron in this
language is nothing but the σ-meson.
3.2 Unitarity and renormalizability
We have seen that, if we regard Higgs inflation as a NLSM (2.12), the scalaron is understood as the
σ-meson which UV-completes the NLSM to be a LSM (3.3). Here we point out that this viewpoint
is useful for understanding the unitarity and renormalizability of this model. A remarkable feature of
Eq. (3.3) is that it has a completely flat target space and its potential involves only terms that are at most
quartic in the fields. It is now clear that Higgs inflation with aσ-meson (or scalaron) can be unitary and
renormalizable up to a very high-energy scale as far as it does not hit a Landau pole. In particular,
the unitarity and renormalizability can hold even above the Planck scale as far as the scalar sector is
concerned, which is consistent with the analysis based on the scattering amplitude in Ref. [12]. In
reality, of course, the renormalizability is lost by the presence of the spin-2 graviton at the Planck scale.
Still, the field basis given in Eq. (3.3) is useful for computing important quantities such as the quantum
corrections and the RG running of the potential without ambiguity up to the Planck scale. See also
Sec. 5.2 for more on this point.
These properties which we witnessed from the viewpoint of Eq. (3.3) correspond to the renormal-
izability of quadratic gravity [22, 45–48]. As far as the scalar sector is concerned, the Higgs-scalaron
system is equivalent to quadratic gravity with scalar fields nonminimally coupled to gravity, since the
other operator in quadratic gravity, RµνRµν (or more precisely RµνRµν−R2/3), only affects the tensor
sector, leading to the infamous spin-2 ghost. Hence, the unitarity and renormalizability of quadratic
gravity up to the Planck scale can also be understood to be a property of Eq. (3.3). It is instructive to see
what Eq. (3.5) looks like if one inserts the scalar part of the metric (2.3):
S =
∫
d4x
[
−1
2
(
∂Φ˜
)2+ 1
2
(
∂φi
)2− λ
4
(
φ2i
)2+ 6ξ+1
2
(Φ˜
Φ˜
)
φ2i +36α
(Φ˜
Φ˜
)2]
. (3.13)
Although this is equivalent to Eq. (3.3), its properties such as the unitarity scale and renormalizabitily
are not apparent in this field (or coordinate) basis. The power of Eq. (3.3) comes from its appropriate
field basis which makes the flatness of the target space manifest. As a result, we can easily understand
the unitarity and renormalizability by just looking at its potential.
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4 Large-N analysis of NLSM
In this section, we compute quantum corrections to the NLSM [Eq. (2.12)] in the large-N limit. We
will show that an additional operator is required to renormalize the theory, which induces a new scalar
degree of freedom, i.e., the σ-meson as given in Eq. (3.3). Let us start with
S =
∫
d4x
{
−1
2
(∂Φ)2+ 1
2
(
∂φi
)2+ 1
2
[
∂
(√
a2Φ2−bφ2i − cΦ
)]2}
, (4.1)
which is a slight generalization of Eq. (2.12). Its target space is
bφ2i + (σ+ cΦ)2 = a2Φ2 in
(
Φ,φi ,σ
) ∈R(1,N+1), (4.2)
which is an N +1-dimensional hypersurface in R(1,N+1). In this way, we will discuss the UV-completion
of NLSMs on a target space of quadratic equations (with O(N ) symmetry) in general. Since the Higgs
four-point interaction is irrelevant for the appearance of a new scalar degree of freedom, we drop it
unless otherwise stated. The parameter choice for Higgs inflation is a = c = 1/2 and b = (6ξ+ 1)/2.
We can show that this choice of parameters is special as it allows us to have successful inflation as
discussed in App. D.\11
Here we clarify the role ofΦ by comparing this theory with a usual NLSM. One may decouple gravity
completely by takingΦ to be constant. Then, the action becomes quite similar to the O(N ) NLSM (1.4):
S =
∫
d4x
{
1
2
(
∂φi
)2+ 1
2
[
∂
(√
a2M2P −bφ2i
)]2}
. (4.3)
We can see that the information of the parameter c is now lost. As we will see in the end of Sec. 4.2,
while one can reproduce the correct mass for the σ-meson starting from Eq. (4.3), the overall potential
shape requires Φ and hence the full Eq. (4.1). This is intuitive because the property at the potential
minimum is pure IR while its overall structure depends on the strength of the coupling to (the scalar
part of) gravity.
In order to perform the large-N analysis, the field basis in Eq. (4.1) is not convenient because it
involves a square root, and hence we have to deal with an infinite series of φ2i after Taylor expanding to
keep track of the leading N consistently. This motivates us to perform a field redefinition (or coordinate
transformation of the target space) so that the large-N analysis becomes more transparent:
Φ˜=
√
a2Φ−bφ2i +aΦ, (4.4)
which implies
1
2
(
Φ˜− bφ
2
i
Φ˜
)
=
√
a2Φ2−bφ2i ,
1
2
(
Φ˜+ bφ
2
i
Φ˜
)
= aΦ. (4.5)
\11 As we see in App. D, there are redundancies in the parameters a, b, and c from transformation of fields (coordinate
transformation of the target space). Here we mean “special” up to these redundancies.
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By using Φ˜, one may write down Eq. (4.1) as follows:
S =
∫
d4x
{
1
2
(
∂φi
)2− 1
8a2
[
∂
(
Φ˜+ bφ
2
i
Φ˜
)]2
+ 1
8
[
∂
((
1− c
a
)
Φ˜−
(
1+ c
a
) bφ2i
Φ˜
)]2}
, (4.6)
where the action (4.6) now contains only a finite number ofφ2i -interactions.
\12 Note here that, since the
full result does not depend on the choice of field basis, the result at each order in the large-N expansion
is also independent of this choice as one may vary N arbitrarily. This is the manifestation of the frame
independence in our language. The gauge independence of our results follows in the same way. Now
we are in a position to study quantum corrections of this model in the large-N limit, and see that the
σ-meson emerges owing to the quantum corrections. We will also see that the large-N analysis not
only predicts the existence of the σ-meson, but also correctly reproduces the running of its mass solely
from the NLSM that is the IR theory. In this sense, it provides a bottom-up way to estimate the property
of the UV theory from the IR.
As mentioned in the introduction, let us emphasize again that the emergence of a new degree of
freedom from quantum corrections is not unique to our NLSM. In Ref. [31, 32], it is shown that the
O(N ) NLSM in 2+² dimensions is UV-completed to be a LSM with aσ-meson emerging from quantum
corrections. It is implied in Refs. [33,34] that the standard model Higgs boson could be regarded as aσ-
meson by identifying longitudinal modes of standard model gauge bosons as NG bosons on O(4)/O(3).
A NLSM on CPN−1 can be expressed as a LSM with an auxiliary gauge field that makes the hidden local
symmetry manifest [35,36]. Once quantum corrections are taken into account, the gauge boson devel-
ops its kinetic term and hence becomes dynamical [36–41]. The Nambu–Jona-Lasinio model [42, 43]
and the Gross–Neveu model [44] are also within this class of models, where mesons that are classically
absent are generated dynamically due to resummation of four-fermi interactions in the large-N limit.
It is part of the virtue of mapping Higgs inflation to the NLSM that we can see the similarity between
the analysis in this paper (and Refs. [12, 55, 56]) and the literature on the NLSM.
4.1 Emergence of σ-meson as scalaron in Higgs inflation
Let us start with the Higgs inflation model with a = c = 1/2 and b = (6ξ+1)/2. The action (4.6) in this
case is given by
S =
∫
d4x
[
−1
2
(
∂Φ˜
)2+ 1
2
(
∂φi
)2+ 6ξ+1
2
(Φ˜
Φ˜
)
φ2i −
λ
4
(
φ2i
)2]
. (4.7)
Here we keep the Higgs four-point interaction to clarify its effect in the large-N analysis.
Let us first focus on divergences involving the Higgs four-point interaction. Adopting dimensional
regularization, we have two divergent diagrams in the large N
(4.8)
\12 It does not matter that Φ˜ appears in the denominator since we have to care only about φi in the large-N limit.
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where the solid line indicates the operator Φ˜/Φ˜ and the dotted line the scalar fields φi . The first di-
agram is renormalized by the Higgs four-point coupling, and the second one is renormalized by the
nonminimal coupling 6ξ+ 1. Hence, to cure the divergences involving the Higgs four-point interac-
tion, we do not need to introduce any additional operators, since both of them are already present in
Eq. (4.7). It is straightforward to check that they correctly reproduce the running of the Higgs four-point
coupling and the nonminimal coupling.
On the other hand, a new operator is required in order to renormalize the two-point function of the
operatorΦ˜/Φ˜, which is diagrammatically given by
(4.9)
and whose corresponding counter term is
Lc.t. = 36α
(Φ˜
Φ˜
)2
. (4.10)
Note that the divergences at the higher loop level, which are diagrammatically given by
+ +·· · (4.11)
are renormalized by the same term (4.10), and hence no other terms are required in the large-N limit.
We obtain the RG running of α
dα
dlnµ
=− N
1152pi2
(6ξ+1)2 , (4.12)
which coincides with the running of the R2 term (1.2). The value ofα at a specific energy scale depends
on the boundary condition which is a parameter choice of the theory. Including quantum corrections
at the leading order in the large-N limit, the classical action (4.7) is now modified to
S =
∫
d4x
[
−1
2
(
∂Φ˜
)2+ 1
2
(
∂φi
)2+ 6ξ+1
2
(Φ˜
Φ˜
)
φ2i −
λ
4
(
φ2i
)2+36α(Φ˜
Φ˜
)2]
. (4.13)
One can see that this expression coincides with Eq. (3.13) as expected. Namely, the field basis Φ˜ conve-
nient for the large-N analysis corresponds to the Jordan frame.
Since the counter term (4.10) is a higher derivative term, it implies the existence of an additional
degree of freedom. To extract it, we introduce an auxiliary field σ
S =
∫
d4x
{
−1
2
(
∂Φ˜
)2+ 1
2
(
∂φi
)2+ 6ξ+1
2
(Φ˜
Φ˜
)
φ2i −
λ
4
(
φ2i
)2+36α[(Φ˜
Φ˜
)2
−
(Φ˜
Φ˜
+ Φ˜σ
72α
)2]}
. (4.14)
After shifting σ as σ→σ+ (6ξ+1)φ2i /2Φ˜, we obtain
S =
∫
d4x
[
−1
2
(
∂Φ˜
)2+ 1
2
(
∂φi
)2+∂Φ˜∂σ− λ
4
(
φ2i
)2− 1
144α
(
Φ˜σ+ 6ξ+1
2
φ2i
)2]
. (4.15)
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Finally, by redefining the field asΦ≡ Φ˜−σ, we obtain the desired result
S =
∫
d4x
{
−1
2
(∂Φ)2+ 1
2
(∂σ)2+ 1
2
(
∂φi
)2− λ
4
(
φ2i
)2− 1
144α
[
Φ2
4
−
(
σ+ Φ
2
)2
− 6ξ+1
2
φ2i
]2}
. (4.16)
Thus, the additional degree of freedom introduced by the higher derivative term (4.10) is indeed the
σ-meson that linearizes the original NLSM (4.7), or equivalently, the scalaron as we discussed in Sec. 3.
The striking property of Eq. (4.16) is its renormalizability. As discussed in the previous Sec. 3.2, this fea-
ture corresponds to the renormalizability of quadratic gravity as long as the scalar sector is concerned.
Moreover, this expression (4.16) is also quite useful in computing quantum corrections above the mass
scale of the σ-meson or the scalaron. All one needs to do is to compute loops in this renormalizable
scalar field theory, with one wrong sign in the kinetic term of Φ. See App. B for the reason why this
wrong kinetic term is harmless. We emphasize that the running of the mass term computed from the
LSM (4.16) agrees with the running of α (4.12) computed from the NLSM (4.7) in the large-N limit, and
hence the large-N analysis indeed provides a bottom-up approach to study the properties of the UV
theory.
By inserting Φ=p6MPeϕ and gµν = e2ϕηµν, and rescaling φi and σ, one may recover the conven-
tional expression with Ricci scalar, leading to Eq. (4.16) in the conformal frame:
S =
∫
d4x
p−g
{
R
12
(
6M2P −σ2−φ2i
)+ 1
2
gµν∂µσ∂νσ+ 1
2
gµν∂µφi∂νφi
− λ
4
(
φ2i
)2− 1
144α
[
3M2P
2
−
(
σ+
p
6MP
2
)2
−
(
6ξ+1
2
)
φ2i
]2}
. (4.17)
Here we derive this expression in a rather indirect way by killing the irrelevant degrees of freedom in
the metric as gµν = e2ϕηµν. As outlined in App. C, it could be possible to obtain Eq. (4.17) in a more
direct way with the help of the conformal compensator. We leave a detailed derivation for our future
work.
Here we want to make one remark. Additional degrees of freedom that arise due to higher derivative
terms are often ghost-like, known as Ostrogradsky ghosts (see e.g., Ref. [57] and references therein). In
our case, however, σ has a kinetic term with the correct sign, and hence is healthy. It is because the
scalar part of the metric Φ has a kinetic term with the wrong sign and is ghost-like. Thus, we may
phrase this phenomenon as “minus times minus gives plus," or “the ghost of a ghost is healthy."
4.2 Emergence of σ-meson in general model
Now, we consider the general model (4.6) with arbitrary a,b and c. Although the computation is tech-
nically more involved, the heart of the analysis is the same as in the previous case; we first find diver-
gences and counter terms in the large-N limit, and then extract the additional degree of freedom that
arises from the counter term as a fundamental field.
In the general case, the action (4.6) contains two types of interactions, i.e.,(Φ˜
Φ˜
)
φ2i ,
[
∂
(
φ2i
Φ˜
)]2
. (4.18)
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We can find divergences and counter terms by taking both of these interactions into account in the
large-N limit. Instead of doing so, here we introduce two vector auxiliary fields, ρµ and Aµ, to reduce
the number of relevant interactions further.\13 With these fields, we rewrite the action (4.6) as
S =
∫
d4x
{
1
2
(
∂φi
)2+ b
2
ρµ∂µ
(
φ2i
Φ˜
)
+ 1
2
∂µΦ˜
(
ρµ−2Aµ)+ 1
2
[
a2
(
ρµ−
(
1+ c
a
)
Aµ
)2
− AµAµ
]}
. (4.19)
The fields ρµ and Aµ are indeed the auxiliary fields since they do not have any kinetic terms, and one
can recover the original action by solving the constraint equations for them. The interaction of φi is
now contained entirely in the term
Lint = b
2
ρµ∂µ
(
φ2i
Φ˜
)
=−bφ
2
i
2Φ˜
∂µρ
µ+ (total derivative) , (4.20)
and hence the computation in the following is greatly simplified. We emphasize here that it is merely
for convenience, and the final result should not change even if we do not introduce the vector auxiliary
fields.
We now study quantum corrections to the action (4.19). As in the previous section, the Higgs four-
point interaction just gives the running of λ and b, and hence we drop it in the following. The new
divergence only appears in the two-point function of the operator ∂µρµ/Φ˜ in the large-N limit, which
at the one-loop level is diagrammatically given by
(4.21)
where the wavy line indicates the operator ∂µρµ/Φ˜ and the dotted line denotes the scalar fields φi . We
have to introduce the following operator as a counter term:
Lc.t. = 9α
(
∂µρ
µ
Φ˜
)2
. (4.22)
Note that the leading order terms at the higher loop level, which are diagrammatically given by,
+ +·· · (4.23)
are also renormalized by the same term (4.22) as in the previous subsection. After the renormalization,
the coupling α runs according to the beta function as
dα
dlnµ
=− N
288pi2
b2, (4.24)
in the large-N limit.
\13 For some values of a and c, we can do the same analysis by introducing only one vector auxiliary field, but we introduce
two vector fields since that approach works for general values of a and c.
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By including the term generated by the quantum correction (4.22), the action is now given by
S =
∫
d4x
{
1
2
(
∂φi
)2+ b
2
ρµ∂µ
(
φ2i
Φ˜
)
+9α
(
∂µρ
µ
Φ˜
)2
+ 1
2
∂µΦ˜
(
ρµ−2Aµ)+ 1
2
[
a2
(
ρµ−
(
1+ c
a
)
Aµ
)2
− AµAµ
]}
. (4.25)
Now ρµ has obtained a kinetic term due to quantum corrections, which implies the appearance of a
new degree of freedom. In order to extract it in a simpler form, we introduce a scalar auxiliary field σ˜ as
S =
∫
d4x
{
1
2
(
∂φi
)2+ b
2
ρµ∂µ
(
φ2i
Φ˜
)
+9α
[(
∂µρ
µ
Φ˜
)2
−
(
∂µρ
µ
Φ˜
+ 1
36α
(
Φ˜σ˜−bφ2i
))2]
+ 1
2
∂µΦ˜
(
ρµ−2Aµ)+ 1
2
[
a2
(
ρµ−
(
1+ c
a
)
Aµ
)2
− AµAµ
]}
. (4.26)
One can see that the original action is recovered by integrating out σ˜. Performing integration by parts
and shifting ρµ as ρµ→ ρµ+ (1+ c/a)Aµ, we obtain
S =
∫
d4x
{
1
2
(
∂φi
)2+ 1
2
Aµ∂µ
[(
1+ c
a
)
σ˜−
(
1− c
a
)
Φ˜
]
− 1
144α
(
Φ˜σ˜−bφ2i
)2
+ 1
2
ρµ∂µ
(
Φ˜+ σ˜)+ 1
2
(
a2ρµρ
µ− AµAµ
)}
. (4.27)
At this stage, the derivatives are not acting on ρµ and Aµ any more, and hence we can integrate them
out without introducing non-local terms. By further redefining the fields as
Φ≡ 1
2a
(
Φ˜+ σ˜) , σ≡ 1
2
[(
1− c
a
)
Φ˜−
(
1+ c
a
)
σ˜
]
, (4.28)
we finally obtain
S =
∫
d4x
{
−1
2
(∂Φ)2+ 1
2
(
∂φi
)2+ 1
2
(∂σ)2− 1
144α
[
a2Φ2− (σ+ cΦ)2−bφ2i
]2}
. (4.29)
Thus, the additional degree of freedom is indeed theσ-meson that UV-completes the original NLSM as
a LSM even for the general case with arbitrary a,b and c.
The corresponding action in the conformal frame is obtained by identifying Φ =p6MPeϕ and re-
calling gµν = e2ϕηµν:
S =
∫
d4x
p−g
{
R
12
(
6M2P −σ2−φ2i
)+ 1
2
gµν∂µσ∂νσ+ 1
2
gµν∂µφi∂νφi
− 1
144α
[
6a2M2P −
(
σ+ cp6MP
)2−bφ2i ]2}. (4.30)
We can verify that the running of the mass term within the UV theory (4.29) and the RG running of
α (4.24) computed within the IR theory agree with each other in the large-N limit.
Finally we comment on Eq. (4.3). If we compute quantum corrections on Eq. (4.3) in the large N , we
get almost the same potential as Eq. (4.30) but without the parameter c (or equivalently c = 0). While the
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Figure 2: A schematic picture of the phase diagram of Higgs inflation with the large nonminimal coupling ξÀ 1. In the low
energy region, µ<MP /ξ, it is described by the NLSM (2.12) with the Higgs and the scalar part of the gravity being the pions.
Once we go to the higher energy region, MP /ξ< µ<MP , it is linearized as Eq. (3.3) with the scalaron playing the role of the
σ-meson. In the even higher energy region µ>MP , other operators such as RµνRµν come into play. One is probably required
to fully take quantum gravity into account in this energy region, which is beyond the scope of this paper.
mass of the σ-meson remains the same in both cases, the overall potential shapes become different.
As already mentioned, while an IR property such as the mass term can be obtained by completely
forgetting about gravity, we need to remember the coupling to gravity for the potential at large field
values. This clarifies the role of Φ, which contains the information of how the Higgs field couples to
(the scalar part of) gravity.
5 Summary and discussion
5.1 Summary
Higgs inflation introduces a nonminimal coupling ξ between the Higgs H and the Ricci scalar R as
ξR |H |2. The CMB normalization requires ξ to be large, ξÀ 1, unless the Higgs quartic coupling is tiny
at the inflationary scale. Consequences of this operator with a large value of ξ have been studied in
detail in the literature, including the tree-level unitarity violation at the energy scale MP/ξ¿MP [28–
30,58–60] and its implication during and after inflation [61–64]. Once we turn on quantum corrections,
however, for the large value of ξ, other operators are inevitably induced due to the RG running. Among
them, the most important one is the R2 term, αR2, with its beta function given by Eq. (1.2). Due to
this RG running, the natural mass scale of the scalaron that becomes dynamical due to the R2 term
is MP/
p
12α ∼MP/ξ, i.e., it becomes dynamical much below MP . Since the scalaron can lift the cut-
off scale to MP [10, 54] depending on the boundary condition of α at the UV, this indicates that the
tree-level unitarity violation mentioned above can be cured by quantum corrections [12, 55, 56].
In this paper, we have attempted to provide a better understanding of the emergence of the scalaron
and the unitarity restoration. In particular, we have shown that the emergence of the scalaron in Higgs
inflation can be understood in the language of the nonlinear sigma model (NLSM). In Sec. 2, we have
demonstrated that Higgs inflation can be written as a NLSM with a target space embedded in R1,N+1 by
focusing on the scalar sector of gravity [see Eq. (2.12)]. The Higgs fields and the scalar part of the metric
play the role of the pions in this language. In the NLSM, we naturally expect an additional degree of
freedom, the σ-meson, that linearizes the NLSM in the UV. In Sec. 3, we have shown that the scalaron
plays the role of theσ-meson, and including this degree of freedom completely flattens the target space
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and hence unitarizes the theory. In Sec. 4, with the help of the large-N limit, we have shown that
the light σ-meson, or the scalaron, indeed appears due to quantum corrections. The running of the
coupling α, setting the mass scale of the scalaron, is identical in this description to Eq. (1.2). Now
described as a NLSM, our analysis in Sec. 4 is clearly parallel to the large-N analysis of, e.g., the O(N )
NLSM [31,32], the CPN−1 model [36–41], the Nambu–Jona-Lasinio model [42,43], and the Gross–Neveu
model [44].
The phase diagram of Higgs inflation is summarized in Fig. 2. Higgs inflation is a NLSM (2.12)
below the energy scale MP/ξ, and it becomes a linear sigma model (LSM) (3.3) with the scalaron as the
σ-meson above the scale MP/ξ. As depicted in Fig. 2, it is justified to ignore spin-2 operators such as
RµνRµν since they are suppressed by MP , not MP/ξ.
5.2 Discussion
We conclude this paper with some remarks that are not addressed in detail in the main text.
Frame/gauge independence. Our analysis was done in the large-N expansion. Since the full result is
frame and gauge independent, and we can arbitrarily vary N , each order in this expansion is by itself
frame and gauge independent. Note that, in our language, a frame transformation corresponds to a
coordinate transformation of the target space.
Cut-off scale in the large-N limit. In the main text, we have argued that the cut-off scale of Higgs
inflation with the R2 term is the Planck scale. Strictly speaking, the cut-off scale is ∼MP/
p
N once we
take the large-N limit as in Sec. 4, which can be seen, e.g., from d-wave parts of scattering amplitudes
or the RG running of the RµνRµν term (see also Refs. [65, 66]). However, the typical scale of the R2 term
also scales in the same way [see Eq. (1.2)], and hence the fact that the spin-2 sector can be ignored in
the large-ξ limit is not affected. For this reason, we have ignored this subtlety in the main text.
Heavy scalaron during inflation, fine tuning and perturbativity. Throughout this work, we have
claimed that the natural mass scale of the scalaron is MP/
p
12α ∼ MP/ξ. Since α runs according to
Eq. (1.2), the value of the mass depends on the boundary condition, or equivalently the choice of the
scale Λ at which α vanishes.\14 In this sense, we can think of Λ instead of α as a model parameter, in
the same way that we can think ofΛQCD instead of the gauge coupling g3 as a model parameter in QCD
(or the “dimensional transmutation" [67]). Therefore, one might choose Λ such that the scalaron re-
mains heavy during inflation and the inflationary dynamics is described by Higgs inflation without the
R2 term. Although possible, there are three subtleties one has to keep in mind in this scenario. First, Λ
has to be tuned to be close to the inflationary scale for the scalaron to be heavy during inflation. Hence
this scenario is not very attractive in the sense that it requires tuning. Second, due to the running of α,
it is not possible to keep the scalaron heavy for all energy scales for ξÀ 1. Even if the scalaron is heavy
during inflation, it becomes light after inflation and affects, e.g., reheating as we will see below. Finally,
\14 One should not confuseΛwith the renormalization scale. It is rather a model parameter as we explain just below.
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there is an issue related to perturbativity. As long as we rely on the large-N limit, our analysis is valid for
any value of α. If one computes quantities in the standard coupling expansion in the Higgs-scalaron
system, however, perturbativity requires ξ2/4α. 4pi, and hence the small value of α implies that the
system is in a strong coupling regime. This may not be an issue if the energy scale of our interest is
below the mass scale of the scalaron, but poses a problem above the mass scale of the scalaron.
Unitarity during preheating. A very important consequence of the emergence of theσ-meson, or the
scalaron, is that the unitarity cut-off scale of Higgs inflation can be lifted to the Planck scale (where the
spin-2 part of the metric becomes relevant), depending on the UV boundary condition of α. This fea-
ture is essential to follow the dynamics of Higgs inflation from inflation to reheating without ambiguity.
Although the energy scale of Higgs inflation at the classical level (i.e. without theR2 term) lies below the
cut-off scale and does not necessarily lead to a problem during inflation thanks to the finite Higgs field
value [61], the story drastically changes after inflation, during (p)reheating. After inflation, the Higgs
field oscillates around the bottom of its potential. When the Higgs field crosses zero, the strong curva-
ture in the target space leads to violent production of longitudinal gauge bosons (or equivalently NG
bosons), with momenta that seemingly violate the unitarity scale [62–64]. Moreover, a naive estimate
of the reheating temperature yields a value in the strong coupling regime. On the contrary, reheating
with the R2 term was studied in [68,69], where it was shown that the presence of the scalaron generally
weakens particle production and unitarity is no longer violated by the produced particles.
Sub-leading terms in the large-N expansion. In the main text, we have relied on the large-ξ and the
large-N limits. Although the large-ξ limit is expected to be good for ξ = O (104), one may wonder how
sub-leading terms in the large-N expansion affect our understanding of Higgs inflation since N = 4
for Higgs inflation. In the following, we suggest that the LSM (3.3) provides a clue to answering this
question.
As we have shown in the main text, the LSM (3.3) describes the system to the leading order in the
large-N limit if we ignore the spin-2 sector of gravity, which is valid in the large-ξ limit. Thus, sub-
leading order terms in the large-N limit can be obtained by computing quantum corrections of the
LSM (3.3) below the Planck scale. A significant feature of the LSM (3.3) is that it possesses a flat target
space and renormalizable interactions, and hence quantum corrections generate only a finite number
of new operators. Indeed, we can show that the LSM (3.3) with the Higgs mass term and the cosmo-
logical constant is renormalized at the one-loop level in the standard coupling expansion without any
other new operators. Hence we expect that, other than generating the Higgs mass term and the cos-
mological constant, sub-leading order terms do not affect our understanding of Higgs inflation. In
particular, we do not expect that operators such as Rn , with n > 2, to be important below MP , since
these higher-dimensional operators are not required to make the LSM (3.3) renormalizable, i.e., these
are irrelevant operators. In other words, we expect that the large-ξ limit is sufficient for our under-
standing of Higgs inflation, although we have relied on the large-N limit to make our analysis simpler
in this paper. Note that the Rn-operators with n > 2 suppressed by MP are not expected to affect the
19
inflationary prediction of the Higgs-R2 system for ξ∼O (104) and α∼ ξ2 [70, 71].
It is of course desirable to examine the above expectation by directly computing sub-leading order
terms in the large-N limit, which we leave for future work.
RG flow of Higgs-scalaron system. Related to the above point, we here emphasize the power of the
LSM (3.3). Although it contains only scalar fields, it is expected to correctly reproduce quantum effects
of the theory up to the Planck scale or a Landau pole. For instance, we can compute the RGEs of the
dimensionless parameters and the ratios of the dimensionful parameters at the one-loop level within
the LSM (3.3), and we can show that they agree with the scalar part of the full computation within
quadratic gravity in Refs. [20–22].\15 Note that the LSM (3.3) greatly simplifies the computation since
it does not contain any tensor modes. In particular, we can see that the Higgs mass term and the
cosmological constant are radiatively generated even if they are absent at a specific energy scale. This
is because the scalaron introduces an additional mass scale, and it can be understood as a specific
form of the hierarchy problem. The existence of the flat direction in the Higgs-scalaron system is not
affected by these operators, but the inflationary predictions such as the spectral index and the tensor-
to-scalar ratio may be affected in particular by the Higgs mass term. We will come back to these points
in a separate publication.
Conformal compensator formalism. In the main text, we have focused on the scalar part of the grav-
ity by taking the limit ξÀ 1. Even if we include the spin-2 part of the gravity, however, Higgs inflation
may still be regarded as a NLSM. Indeed, in App. C, we have demonstrated that Higgs inflation can be
regarded as a NLSM conformally coupled to gravity and the scalaron as its σ-meson, with the help of
the conformal compensator formalism. Note that a similar formulation is discussed in Ref. [21] in the
context of agravity. We leave a further study in this direction, including the computation of quantum
corrections, for future work.
Flatness of potential. In App. D we have studied the flatness of the potential, which is essential for
inflation, for the general model with three parameters a, b and c, that we have introduced in Sec. 4 [see
Eq. (4.30)]. For Higgs inflation, i.e., a = c = 1/2, b = (6ξ+1)/2, the potential indeed becomes flat for large
field values in agreement with Refs. [10, 54, 72–76]. We have also shown that there are only three cases,
a+ c = 1, a− c = 1 and a− c = −1, which possess a flat direction in the potential useful for inflation.
After exploiting the redundancy under a O(1,1)-transformation, the case with a + c = 1 ∧ a,c > 0 is
shown to be equivalent to Higgs inflation, while the other cases have a run-away type vacuum. We
have checked that the parameters a and c do not run under the RGEs in the large-N expansion, and
hence the existence of the flat direction is stable against the RG flow in the large-N limit.
\15 Indeed, a scalar field model is discussed in [21] that correctly reproduces the running of ξ and α (or f0 in their language),
which is essentially equivalent to our LSM (3.3).
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Application to Higgs EFT. Although we have focussed on Higgs inflation in this paper, our methods
can be used for a wide range of models. Here we want to stress that the large-N analysis can be a
useful tool to extract a new degree of freedom in a non-renormalizable theory especially when the
UV-completion is not already known. Therefore, it may be interesting to apply the large-N analysis
to, e.g., the Higgs effective field theory (EFT) [77–83], and try to extract a possible property of the UV-
completion. Note that the Higgs EFT can be formulated in terms of the target space curvature [84–87],
or equivalently regarded as a NLSM, and hence it is expected to be straightforward to apply the large-N
analysis to this theory.
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A Computational details
A.1 Conventions
Here we summarize our conventions. In this paper we work with the almost-minus convention for the
spacetime metric. In particular, the flat spacetime metric is given by
ηµν = diag(+1,−1,−1,−1) . (A.1)
We define the Christoffel symbol as
Γµνρ = 1
2
gµα
(
∂νgρα+∂ρgνα−∂αgνρ
)
, (A.2)
the Ricci tensor as
Rµν = ∂µΓααν−∂αΓαµν+ΓαβνΓβαµ−ΓαµνΓβαβ, (A.3)
and the Ricci scalar as
R = gµνRµν. (A.4)
This fixes the sign convention for the Ricci scalar. In particular, the Ricci scalar transforms under the
Weyl transformation gµν→Ω−2gµν as
R→Ω2
[
R+ 3
2
gµν∂µ lnΩ
2∂ν lnΩ
2−3 lnΩ2
]
. (A.5)
The conformal coupling corresponds to ξ=−1/6 with this convention.
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A.2 Weyl transformation from Eq. (2.2) to Eq. (2.15)
Here we derive Eq. (2.15) from Eq. (2.2) by the Weyl transformation. We perform the Weyl transforma-
tion as,
gµν→Ω−2gµν, and φi →Ωφi , (A.6)
with some functionΩ=Ω(φ) which we determine below. The action (2.2) is then given by
S =
∫
d4x
p−g
[
M2P
2
R
(
1
Ω2
+ ξφ
2
i
M2P
)
+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2
+3M
2
P
4
(
1
Ω2
+ (ξ+1/6)φ
2
i
M2P
)(
gµν∂µ lnΩ
2∂ν lnΩ
2−2 lnΩ2)] . (A.7)
We fixΩ as
1
Ω2
= 1− (ξ+1/6)φ
2
i
M2P
− h˜
2
6M2P
, (A.8)
with the scalar function h˜ = h˜(φ) required to satisfy
1− (ξ+1/6)φ
2
i
M2P
− h˜
2
6M2P
=
(
1+ h˜p
6MP
)2
, (A.9)
which is solved as
h˜ = 1
2
[√
6M2P −2(6ξ+1)φ2i −
p
6MP
]
. (A.10)
With the help of h˜, the action is simplified as\16
S =
∫
d4x
p−g
[
R
12
(
6M2P −φi − h˜2
)+ 1
2
gµν∂µφi∂νφi + 1
2
gµν∂µh˜∂νh˜− λ
4
(
φ2i
)2]
, (A.11)
and hence we have obtained the desired result.
B Gauge fixing and residual gauge symmetry
In this appendix, we discuss gauge fixing conditions and residual gauge symmetries. In the main text,
we have focused on the trace part of the metric Φ and ignored the other scalar mode of the metric.
Here we show a gauge fixing condition that corresponds to this treatment; see Eqs. (B.12) and (B.17).
We also confirm that the ghost-like fieldΦ is indeed harmless due to the residual gauge symmetry; see
Eqs. (B.13), (B.18) and (B.19).
\16 If we require the action to be in the form (A.11), the choice of the scalar function h˜ is unique up to multiplication of an
overall constant to the left-hand side of Eq. (A.9). The constant is not physical since it can be absorbed by making an O(1,1)
transformation ofΦ and h. See App. D for more details on the O(1,1) transformation and redundancy of model parameters.
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B.1 U(1) gauge theory
As a warm-up, we consider the U(1) gauge theory in this subsection. The discussion is quite parallel to
the gravity case, and hence it is useful to understand this simpler case first. We consider the U(1) gauge
field Aµ that transforms under a U(1) gauge transformation as
Aµ→ Aµ+∂µθ. (B.1)
We may impose the Lorenz gauge condition
∂µAµ = 0, (B.2)
to kill one degree of freedom. It still has a residual gauge symmetry. Indeed, one can perform the
transformation (B.1) without affecting Eq. (B.2) provided θ satisfies
θ = 0, (B.3)
that makes another degree of freedom unphysical. As a result, there are two physical modes in Aµ
that correspond to the two polarizations of the photon. Note that the Lagrangian for Aµ is given after
imposing Eq. (B.2) by
L =−1
4
FµνF
µν =−1
2
ηµν∂ρAµ∂
ρAν, (B.4)
and hence the time-like component A0 is ghost-like, as in the case of Φ in the main text. It is of course
harmless due to the residual gauge symmetry (B.3).
In order to take a closer look at the degrees of freedom in Aµ killed by Eqs. (B.2) and (B.3), we
decompose Aµ as
Aµ = A⊥µ +∂µA, (B.5)
where A⊥µ satisfies
∂µA⊥µ = 0. (B.6)
It is important to notice that there is an ambiguity in the decomposition (B.5); we can shift A⊥µ and A as
A⊥µ → A⊥µ +∂µB , A→ A−B , with B = 0, (B.7)
without spoiling the transverse property of A⊥µ . Due to this ambiguity, it is enough to require
A = 0, (B.8)
to kill the degree of freedom corresponding to A. Indeed, the Lorenz gauge condition (B.2) requires
Eq. (B.8), and hence kills A. The residual gauge symmetry (B.3) kills an additional degree of freedom in
A⊥µ that is ghost-like without affecting the condition (B.8).
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B.2 Gravity
Now we consider the gravity case. We may expand the metric around flat spacetime as
gµν = ηµν+hµν, (B.9)
and treat hµν as a perturbation just for simplicity. Under the general coordinate transformation,
xµ→ xµ+ξµ, (B.10)
it is transformed as
hµν→ hµν+∂µξν+∂νξµ, (B.11)
at first order in perturbations. We may impose a gauge fixing condition
∂µhµν− 1
4
∂νh
µ
µ = 0, (B.12)
which is slightly different from the standard de Donder gauge. It kills four degrees of freedom, which
leaves six degrees of freedom in hµν. Among them, four are killed by a residual gauge symmetry as in
the U(1) case. Indeed, we can still perform the transformation (B.11) without affecting Eq. (B.12) if ξµ
satisfies
ξµ+ 1
2
∂µ∂
νξν = 0. (B.13)
Thus, there are two physical modes that correspond to the two polarizations of the graviton.
We now take a closer look at the degrees of freedom killed by Eqs. (B.12) and (B.13). We decompose
the metric as
hµν = h⊥µν+∂µh⊥ν +∂νh⊥µ +
(
∂µ∂ν− 1
4
ηµν
)
ψ+2ηµνϕ, (B.14)
where h⊥µν and h⊥µ satisfy
h⊥µµ = ∂µh⊥µν = 0, ∂µh⊥µ = 0. (B.15)
As in the U(1) case, there are ambiguities in this decomposition. Indeed, ψ can be absorbed into h⊥µν
and h⊥µ if it satisfies (
∂µ∂ν− 1
4
ηµν
)
ψ= f ⊥µν+∂µ f ⊥ν +∂ν f ⊥µ , (B.16)
where f ⊥µν and f ⊥µ satisfy the same properties as h⊥µν and h⊥µ , respectively. By acting with ∂µ∂ν, we see
that it is enough to require
2ψ= 0, (B.17)
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to kill the degree of freedom associated with ψ. The gauge fixing condition (B.12) reduces to this con-
dition after acting with ∂µ, and hence kills ψ. Thus, it is indeed Eq. (B.12) that we have imposed in the
main text since we have focused only on ϕ and omitted ψ there. It is also easy to see that the residual
gauge symmetry makes the ghost-like degree of freedom ϕ (or equivalently Φ) unphysical. If we write
ξµ = ξ⊥µ +∂µξ with ∂µξ⊥µ = 0, the gauge fixing condition (B.17) is intact as long as ξ satisfies
2ξ= 0. (B.18)
Since ϕ transforms as
ϕ→ϕ+ 1
4
ξ, (B.19)
it becomes unphysical due to this residual gauge symmetry. Note that Eq. (B.18) is indeed one of the
residual gauge symmetries of (B.13), since the latter is equivalent to
ξ⊥µ +
1
2
∂µξ= 0, (B.20)
and hence we obtain Eq. (B.18) by acting with ∂µ.
Before closing this appendix, we mention another residual gauge symmetry in the vector-tensor
sector for completeness. First of all, there is another ambiguity in the decomposition (B.14); h⊥µ can be
absorbed into h⊥µν if it satisfies
∂µh
⊥
ν +∂νh⊥µ = f ⊥µν, (B.21)
where f ⊥µν satisfies the same properties as h⊥µν. As a result, it is enough to require
h⊥µ = 0, (B.22)
to kill the degree of freedom associated with h⊥µ . The transformation (B.11) keeps Eq. (B.22) intact as
long as ξµ = ξ⊥µ and ξ⊥µ satisfies
ξ⊥µ = 0. (B.23)
It is the residual gauge symmetry that kills unphysical modes in h⊥µν.
C Conformal compensator formalism
In the main text, we have shown that Higgs inflation can be written as a NLSM if we focus on the scalar
part of gravity. In this appendix, we demonstrate that Higgs inflation may be regarded as a NLSM
conformally coupled to gravity even if we also include the spin-2 part of the gravity. For this purpose,
we introduce a conformal compensator field Φ that mimics the scalar part of gravity in the main text.
See also, e.g., Ref. [89] on the conformal compensator formalism, and Ref. [21] for a similar formulation.
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C.1 Weyl covariant Ricci scalar
First, we construct a Weyl covariant Ricci scalar R from the standard Ricci scalar R. We consider the
Weyl transformation gµν→Ω−2gµν, and assume that a vector field ωµ transforms as
ωµ→ωµ+∂µ lnΩ2. (C.1)
Since the Christoffel symbol transforms as
Γαµν→ Γαµν− 1
2
(
δαν∂µ lnΩ
2+δαµ∂ν lnΩ2− gµν∂α lnΩ2
)
, (C.2)
the following combination transforms as
∇µωµ+ 1
2
ωµω
µ→Ω2
[
∇µωµ+ 1
2
ωµω
µ− 1
2
gµν∂µ lnΩ
2∂ν lnΩ
2+ lnΩ2
]
. (C.3)
Therefore we define the Weyl covariant Ricci scalar as
R ≡R+3
(
∇µωµ+ 1
2
ωµω
µ
)
, (C.4)
which transforms indeed covariantly as
R→Ω2R. (C.5)
Once we introduce the conformal compensator field Φ˜, the field ωµ is identified as
ωµ = ∂µ lnΦ˜2, (C.6)
which satisfies the desired property under the Weyl transformation if Φ˜ transforms as Φ˜→ΩΦ˜.
C.2 Higgs inflation as NLSM conformally coupled to gravity
With the help of the compensator Φ˜ and the Weyl covariant Ricci scalarR, we can promote the Higgs
inflation model to a Weyl invariant form as
S =
∫
d4x
p−g
[
R
12
(
Φ˜2−φ2i
)+(6ξ+1
12
)
Rφ2i −
1
2
gµν∂µΦ˜∂νΦ˜+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2]
, (C.7)
whereR is now understood as
R =R+3
(
 lnΦ˜2+ 1
2
gµν∂µ lnΦ˜
2∂ν lnΦ˜
2
)
. (C.8)
The action is invariant under the local Weyl transformation,
gµν→Ω−2gµν, Φ˜→ΩΦ˜, and φi →Ωφi , (C.9)
and reduces to the original action for Higgs inflation in the Jordan frame after fixing Φ˜ =p6MP . Note
that the kinetic term for Φ˜ is ghost-like to be consistent with the Einstein-Hilbert action. Nevertheless it
does not spoil the theory since it can be killed by the local Weyl transformation and hence is unphysical.
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We may define a new filedΦ as
Φ˜≡ 1
2
[√
Φ2−2(6ξ+1)φ2i +Φ
]
, (C.10)
and also a scalar function h = h(Φ,φ) as
h ≡ 1
2
[√
Φ2−2(6ξ+1)φ2i −Φ
]
. (C.11)
They satisfy
Φ˜=Φ+h, h =−6ξ+1
2
φ2i
Φ˜
, (C.12)
and hence the following relation holds:
6ξ+1
12
Rφ2i =−
1
6
R (Φ+h)h+ gµν∂µ (Φ+h)∂νh. (C.13)
Therefore, the action (C.7) is given in terms ofΦ and h as
S =
∫
d4x
p−g
[
R
12
(
Φ2−φ2i −h2
)− 1
2
gµν∂µΦ∂νΦ+ 1
2
gµν∂µφi∂νφi + 1
2
gµν∂µh∂νh− λ
4
(
φ2i
)2]
. (C.14)
It resembles the action of scalar fields conformally coupled to gravity, but now a fundamental scalar
field replaced by the composite scalar function h = h(Φ,φ). In this sense, we may view Higgs inflation
as a NLSM conformally coupled to gravity, with the help of the conformal compensator.
C.3 Scalaron as σ-meson
Now we see that the scalaron is identified as a σ-meson of Higgs inflation in the conformal compen-
sator formalism. The Higgs-scalaron system is promoted to a Weyl invariant form as
S =
∫
d4x
p−g
[
R
12
(
Φ2−φ2i
)+(6ξ+1
12
)
Rφ2i −
1
2
gµν∂µΦ∂νΦ+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2+αR2] .
(C.15)
We now extract the additional degree of freedom, or the scalaron, as a fundamental field by the auxiliary
field method. We introduce an auxiliary field σ as
S =
∫
d4x
p−g
{
R
12
(
Φ2−φ2i
)+(6ξ+1
12
)
Rφ2i
−1
2
gµν∂µΦ∂νΦ+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2+α[R2−(R+ Φσ
12α
)2]}
. (C.16)
After some computation and shifting σ to σ→σ+ (6ξ+1)φ2i /2Φ, we obtain
S =
∫
d4x
p−g
{
R
12
(
Φ2−2Φσ−φ2i
)− 1
2
gµν∂µΦ∂νΦ
+gµν∂µΦ∂νσ+ 1
2
gµν∂µφi∂νφi − λ
4
(
φ2i
)2− 1
144α
[
Φσ+
(
6ξ+1
2
)
φ2i
]2}
. (C.17)
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By redefiningΦ asΦ→Φ+σ, we obtain the final result:
S =
∫
d4x
p−g
{
R
12
(
Φ2−σ2−φ2i
)− 1
2
gµν∂µΦ∂νΦ+ 1
2
gµν∂µσ∂νσ+ 1
2
gµν∂µφi∂νφi
− λ
4
(
φ2i
)2− 1
144α
[
Φ2
4
−
(
σ+ Φ
2
)2
−
(
6ξ+1
2
)
φ2i
]2}
. (C.18)
It is clear that one recovers the NLSM (C.14) in the limit α→ 0, and the scalaron is indeed the σ-meson
that linearizes the NLSM. Note that the kinetic term ofσ originates from the kinetic mixing withΦ, and
has a correct sign thanks to the ghost-like property ofΦ.
D O(1,1) transformation and flat potential
In this appendix, starting from the general model, we discuss the condition to have a flat potential
suitable for inflation. Our starting point is
S =
∫
d4x
[
−1
2
(∂Φ)2+ 1
2
(
∂φi
)2+ 1
2
(∂σ)2−V (Φ,σ,φ2i )
]
, (D.1)
where
V (Φ,σ,φ2i )≡
λ
4
(
φ2i
)2+ 1
144α
[
a2Φ2− (σ+ cΦ)2−bφ2i
]2
. (D.2)
Note that we can take a,c ≥ 0 without loss of generality. Higgs inflation with the σ-meson or the
scalaron corresponds to a particular set of parameters a = c = 1/2 and b = (6ξ+1)/2. The main purpose
of this appendix is to clarify why this choice of parameters yields a flat potential suitable for inflation
and how special this choice is.
D.1 Flat potential
We first clarify the condition to have a potential which approaches asymptotically to a constant value
in the Einstein frame. One may go to the Einstein frame by identifying: Φ2−σ2−φ2i = 6M2Pe2ϕ. In the
following discussion, gravity is irrelevant and hence we may take ϕ= 0:
Φ2−σ2−φ2i = 6M2P . (D.3)
Let (Φθ,σθ,φi ,θ) be a one-dimensional trajectory, i.e., R→R1,N+1; θ 7→ (Φθ,σθ,φi ,θ), fulfilling Eq. (D.3).
We have a flat direction in the potential in the Einstein frame if we find a trajectory θ on which the
potential V (Φθ,σθ,φ
2
i ,θ) approaches asymptotically to a constant or does not change at all.
Since the potential should be finite along this trajectory, φ2i ,θ is bounded from above because of
the λ(φ2i )
2 term. A trivial example fulfilling these requirements is the NG boson directions of the Higgs.
Thereφ2i ,θ,σθ, andΦθ are fixed to be constants. What we are interested in here is a less trivial trajectory.
Namely, Φθ and σθ can be taken to infinity because of a non-trivial cancellation among them in the
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second term in Eq. (D.2), while φ2i ,θ is bounded from above. In order to have this trajectory, one should
find a trajectory of V → const. forΦθ,σθ→∞ even under
Φ2θ−σ2θ =Λ2, φ2i ,θ =Λ2−6M2P > 0, (D.4)
withΛ being a constant. In the following, we discuss the impact of this condition on a,b, and c.
The trajectory fulfilling Eq. (D.4) can be expressed by a single parameter θ as
Φ=Λcoshθ, σ=Λsinhθ. (D.5)
Inserting this expression into the potential, one obtains the following form for the second term in
Eq. (D.2):
1
144α
{
Λ2 [sinhθ+ (a+ c)coshθ] [sinhθ− (a− c)coshθ]+b(Λ2−6M2P )
}2
. (D.6)
In order for the potential to approach asymptotically to a constant value for θ → ±∞, the following
condition should be fulfilled:
a+ c = 1 ∨ a− c = 1 ∨ a− c =−1 ∨ a+ c =−1. (D.7)
As mentioned earlier, we can take a,c ≥ 0 without loss of generality, and hence we focus on the first
three branches in the following. In the second and third branches, our vacuum in the current Universe
φ2i = 0 (which is also a potential minimum) is located at infinity for a,c ≥ 0, i.e., a run-away potential.
Similarly, one readily finds a run-away potential for the first branch at a = 0. For the first branch with
a = 1 and c = 0, on the other hand, one ends up with an exactly massless mode which is completely de-
coupled from the Higgs field φi . These cases might not be interesting in the context of Higgs inflation.
Therefore we arrive at the case with
a+ c = 1, a > 0, c > 0. (D.8)
As we show below, this case is equivalent to Higgs inflation, a = c = 1/2 and b = (6ξ+1)/2, after appro-
priately redefining the parameters.
D.2 Redundancy in parameters and O(1,1) transformation
In this section, we point out redundancies in the parameters a, b, and c. To this end, the following
O(1,1) transformation plays a central role:(
Φ′
σ′
)
=
(
coshθ −sinhθ
−sinhθ coshθ
)(
Φ
σ
)
. (D.9)
One can see that, while this transformation does not alter the kinetic term of Eq. (D.1), the potential
does change implying redundancies in the parameters.
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The rest of this section is devoted to show that any set of parameters satisfying Eq. (D.8) is equivalent
to a = c = 1/2 and b = (6ξ+1)/2 because of this redundancy related to the O(1,1) transformation. The
second term in the potential (D.2) transforms as follows:
1
144α
{
(Φ+σ) [(2a−1)Φ−σ]−bφ2i
}2
= 1
144α
{(
Φ′+σ′)[(a+ (a−1)e2θ)Φ′− (a− (a−1)e2θ)σ′]−bφ2i }2 . (D.10)
We can take a particular θ0 such that a = (1−a)e2θ0 for 0< a < 1 which is automatic in Eq. (D.8). Then
the second term of the potential becomes
1
144α
[
2aσ′
(
Φ′+σ′)−bφ2i ]2 . (D.11)
One can see that the potential takes exactly the same form as a = c = 1/2 and b = (6ξ+1)/2 after the
following redefinition:
b→ a(6ξ+1), α→ 4a2α. (D.12)
Now it is clear that the potential has a minimum at σ′ = φi = 0 while it asymptotically approaches a
constant value forσ′,Φ′→∞ andφ2i → const. underΦ
′2−σ′2−φ2i = 6M2P , which is suitable for inflation.
References
[1] Planck Collaboration, Y. Akrami et al., “Planck 2018 results. X. Constraints on inflation,”
arXiv:1807.06211 [astro-ph.CO].
[2] T. Futamase and K.-i. Maeda, “Chaotic Inflationary Scenario in Models Having Nonminimal Coupling With
Curvature,” Phys. Rev. D39 (1989) 399–404.
[3] J. L. Cervantes-Cota and H. Dehnen, “Induced gravity inflation in the standard model of particle physics,”
Nucl. Phys. B442 (1995) 391–412, arXiv:astro-ph/9505069 [astro-ph].
[4] F. L. Bezrukov and M. Shaposhnikov, “The Standard Model Higgs boson as the inflaton,” Phys. Lett. B659
(2008) 703–706, arXiv:0710.3755 [hep-th].
[5] Y. Hamada, H. Kawai, K.-y. Oda, and S. C. Park, “Higgs Inflation is Still Alive after the Results from BICEP2,”
Phys. Rev. Lett. 112 no. 24, (2014) 241301, arXiv:1403.5043 [hep-ph].
[6] F. Bezrukov and M. Shaposhnikov, “Higgs inflation at the critical point,” Phys. Lett. B734 (2014) 249–254,
arXiv:1403.6078 [hep-ph].
[7] J. F. Donoghue, “Introduction to the effective field theory description of gravity,” in Advanced School on
Effective Theories Almunecar, Spain, June 25-July 1, 1995. 1995. arXiv:gr-qc/9512024 [gr-qc].
[8] A. Salvio and A. Mazumdar, “Classical and Quantum Initial Conditions for Higgs Inflation,” Phys. Lett. B750
(2015) 194–200, arXiv:1506.07520 [hep-ph].
[9] X. Calmet and I. Kuntz, “Higgs Starobinsky Inflation,” Eur. Phys. J. C76 no. 5, (2016) 289,
arXiv:1605.02236 [hep-th].
30
[10] Y. Ema, “Higgs Scalaron Mixed Inflation,” Phys. Lett. B770 (2017) 403–411, arXiv:1701.07665 [hep-ph].
[11] D. M. Ghilencea, “Two-loop corrections to Starobinsky-Higgs inflation,” Phys. Rev. D98 no. 10, (2018)
103524, arXiv:1807.06900 [hep-ph].
[12] Y. Ema, “Dynamical Emergence of Scalaron in Higgs Inflation,” JCAP 1909 no. 09, (2019) 027,
arXiv:1907.00993 [hep-ph].
[13] A. A. Starobinsky, “A New Type of Isotropic Cosmological Models Without Singularity,” Phys. Lett. 91B
(1980) 99–102. [Adv. Ser. Astrophys. Cosmol.3,130(1987); ,771(1980)].
[14] J. D. Barrow and A. C. Ottewill, “The Stability of General Relativistic Cosmological Theory,” J. Phys. A16
(1983) 2757.
[15] B. Whitt, “Fourth Order Gravity as General Relativity Plus Matter,” Phys. Lett. 145B (1984) 176–178.
[16] J. D. Barrow and S. Cotsakis, “Inflation and the Conformal Structure of Higher Order Gravity Theories,”
Phys. Lett. B214 (1988) 515–518.
[17] E. S. Fradkin and A. A. Tseytlin, “Renormalizable asymptotically free quantum theory of gravity,” Nucl.
Phys. B201 (1982) 469–491.
[18] E. Elizalde and S. D. Odintsov, “Renormalization group improved effective potential for gauge theories in
curved space-time,” Phys. Lett. B303 (1993) 240–248, arXiv:hep-th/9302074 [hep-th]. [Russ. Phys.
J.37,25(1994)].
[19] E. Elizalde and S. D. Odintsov, “Renormalization group improved effective Lagrangian for interacting
theories in curved space-time,” Phys. Lett. B321 (1994) 199–204, arXiv:hep-th/9311087 [hep-th].
[20] A. Salvio and A. Strumia, “Agravity,” JHEP 06 (2014) 080, arXiv:1403.4226 [hep-ph].
[21] A. Salvio and A. Strumia, “Agravity up to infinite energy,” Eur. Phys. J. C78 no. 2, (2018) 124,
arXiv:1705.03896 [hep-th].
[22] A. Salvio, “Quadratic Gravity,” Front.in Phys. 6 (2018) 77, arXiv:1804.09944 [hep-th].
[23] A. Codello and R. K. Jain, “On the covariant formalism of the effective field theory of gravity and leading
order corrections,” Class. Quant. Grav. 33 no. 22, (2016) 225006, arXiv:1507.06308 [gr-qc].
[24] R. Myrzakulov, S. Odintsov, and L. Sebastiani, “Inflationary universe from higher derivative quantum
gravity coupled with scalar electrodynamics,” Nucl. Phys. B907 (2016) 646–663, arXiv:1604.06088
[hep-th].
[25] T. Markkanen, S. Nurmi, A. Rajantie, and S. Stopyra, “The 1-loop effective potential for the Standard Model
in curved spacetime,” JHEP 06 (2018) 040, arXiv:1804.02020 [hep-ph].
[26] J. Kubo, M. Lindner, K. Schmitz, and M. Yamada, “Planck mass and inflation as consequences of
dynamically broken scale invariance,” Phys. Rev. D100 no. 1, (2019) 015037, arXiv:1811.05950
[hep-ph].
[27] J. Julve and M. Tonin, “Quantum Gravity with Higher Derivative Terms,” Nuovo Cim. B46 (1978) 137–152.
[28] C. P. Burgess, H. M. Lee, and M. Trott, “Comment on Higgs Inflation and Naturalness,” JHEP 07 (2010) 007,
arXiv:1002.2730 [hep-ph].
31
[29] M. P. Hertzberg, “On Inflation with Non-minimal Coupling,” JHEP 11 (2010) 023, arXiv:1002.2995
[hep-ph].
[30] C. P. Burgess, S. P. Patil, and M. Trott, “On the Predictiveness of Single-Field Inflationary Models,” JHEP 06
(2014) 010, arXiv:1402.1476 [hep-ph].
[31] W. A. Bardeen, B. W. Lee, and R. E. Shrock, “Phase Transition in the Nonlinear σ Model in 2 + ² Dimensional
Continuum,” Phys. Rev. D14 (1976) 985.
[32] E. Brezin, J. Zinn-Justin, and J. C. Le Guillou, “Renormalization of the Nonlinear Sigma Model in (Two +
Epsilon) Dimension,” Phys. Rev. D14 (1976) 2615.
[33] A. Dobado, M. J. Herrero, J. R. Pelaez, E. Ruiz Morales, and M. T. Urdiales, “Learning about the strongly
interacting symmetry breaking sector at LHC,” Phys. Lett. B352 (1995) 400–410, arXiv:hep-ph/9502309
[hep-ph].
[34] A. Dobado, M. J. Herrero, J. R. Pelaez, and E. Ruiz Morales, “CERN LHC sensitivity to the resonance
spectrum of a minimal strongly interacting electroweak symmetry breaking sector,” Phys. Rev. D62 (2000)
055011, arXiv:hep-ph/9912224 [hep-ph].
[35] M. Bando, T. Kugo, S. Uehara, K. Yamawaki, and T. Yanagida, “Is rho Meson a Dynamical Gauge Boson of
Hidden Local Symmetry?,” Phys. Rev. Lett. 54 (1985) 1215.
[36] M. Bando, T. Kugo, and K. Yamawaki, “Nonlinear Realization and Hidden Local Symmetries,” Phys. Rept.
164 (1988) 217–314.
[37] A. D’Adda, M. Luscher, and P. Di Vecchia, “A 1/n Expandable Series of Nonlinear Sigma Models with
Instantons,” Nucl. Phys. B146 (1978) 63–76.
[38] A. D’Adda, P. Di Vecchia, and M. Luscher, “Confinement and Chiral Symmetry Breaking in CP**n-1 Models
with Quarks,” Nucl. Phys. B152 (1979) 125–144.
[39] E. Witten, “Instantons, the Quark Model, and the 1/n Expansion,” Nucl. Phys. B149 (1979) 285–320.
[40] I. Ya. Arefeva and S. I. Azakov, “RENORMALIZATION AND PHASE TRANSITION IN THE QUANTUM
CP**(n-1) MODEL (D = 2, 3),” Nucl. Phys. B162 (1980) 298–310.
[41] T. Fujiwara, T. Kugo, H. Terao, S. Uehara, and K. Yamawaki, “Nonabelian Anomaly and Vector Mesons as
Dynamical Gauge Bosons of Hidden Local Symmetries,” Prog. Theor. Phys. 73 (1985) 926.
[42] Y. Nambu and G. Jona-Lasinio, “Dynamical Model of Elementary Particles Based on an Analogy with
Superconductivity. 1.,” Phys. Rev. 122 (1961) 345–358. [,127(1961)].
[43] Y. Nambu and G. Jona-Lasinio, “Dynamical Model of Elementary Particles Based on an Analogy with
Superconductivity. 2.,” Phys. Rev. 124 (1961) 246–254. [,141(1961)].
[44] D. J. Gross and A. Neveu, “Dynamical Symmetry Breaking in Asymptotically Free Field Theories,” Phys. Rev.
D10 (1974) 3235.
[45] S. Weinberg, “Problems in Gauge Field Theories,” in High energy physics. Proceedings, 17th International
Conference, ICHEP 1974, London, England, July 01-July 10, 1974, pp. III.59–65. 1974.
[46] S. Deser, “The State of Quantum Gravity,” Conf. Proc. C750926 (1975) 229–254.
[47] K. S. Stelle, “Renormalization of Higher Derivative Quantum Gravity,” Phys. Rev. D16 (1977) 953–969.
32
[48] A. O. Barvinsky, D. Blas, M. Herrero-Valea, S. M. Sibiryakov, and C. F. Steinwachs, “Renormalization of
gauge theories in the background-field approach,” JHEP 07 (2018) 035, arXiv:1705.03480 [hep-th].
[49] R. N. Lerner and J. McDonald, “A Unitarity-Conserving Higgs Inflation Model,” Phys. Rev. D82 (2010)
103525, arXiv:1005.2978 [hep-ph].
[50] G. F. Giudice and H. M. Lee, “Unitarizing Higgs Inflation,” Phys. Lett. B694 (2011) 294–300,
arXiv:1010.1417 [hep-ph].
[51] H. M. Lee, “Light inflaton completing Higgs inflation,” Phys. Rev. D98 no. 1, (2018) 015020,
arXiv:1802.06174 [hep-ph].
[52] J. L. F. Barbon, J. A. Casas, J. Elias-Miro, and J. R. Espinosa, “Higgs Inflation as a Mirage,” JHEP 09 (2015)
027, arXiv:1501.02231 [hep-ph].
[53] L. Alvarez-Gaume, A. Kehagias, C. Kounnas, D. Lüst, and A. Riotto, “Aspects of Quadratic Gravity,” Fortsch.
Phys. 64 no. 2-3, (2016) 176–189, arXiv:1505.07657 [hep-th].
[54] D. Gorbunov and A. Tokareva, “Scalaron the healer: removing the strong-coupling in the Higgs- and
Higgs-dilaton inflations,” Phys. Lett. B788 (2019) 37–41, arXiv:1807.02392 [hep-ph].
[55] U. Aydemir, M. M. Anber, and J. F. Donoghue, “Self-healing of unitarity in effective field theories and the
onset of new physics,” Phys. Rev. D86 (2012) 014025, arXiv:1203.5153 [hep-ph].
[56] X. Calmet and R. Casadio, “Self-healing of unitarity in Higgs inflation,” Phys. Lett. B734 (2014) 17–20,
arXiv:1310.7410 [hep-ph].
[57] R. P. Woodard, “Avoiding dark energy with 1/r modifications of gravity,” Lect. Notes Phys. 720 (2007)
403–433, arXiv:astro-ph/0601672 [astro-ph].
[58] C. P. Burgess, H. M. Lee, and M. Trott, “Power-counting and the Validity of the Classical Approximation
During Inflation,” JHEP 09 (2009) 103, arXiv:0902.4465 [hep-ph].
[59] J. L. F. Barbon and J. R. Espinosa, “On the Naturalness of Higgs Inflation,” Phys. Rev. D79 (2009) 081302,
arXiv:0903.0355 [hep-ph].
[60] A. Kehagias, A. Moradinezhad Dizgah, and A. Riotto, “Remarks on the Starobinsky model of inflation and
its descendants,” Phys. Rev. D89 no. 4, (2014) 043527, arXiv:1312.1155 [hep-th].
[61] F. Bezrukov, A. Magnin, M. Shaposhnikov, and S. Sibiryakov, “Higgs inflation: consistency and
generalisations,” JHEP 01 (2011) 016, arXiv:1008.5157 [hep-ph].
[62] M. P. DeCross, D. I. Kaiser, A. Prabhu, C. Prescod-Weinstein, and E. I. Sfakianakis, “Preheating after
Multifield Inflation with Nonminimal Couplings, I: Covariant Formalism and Attractor Behavior,” Phys.
Rev. D97 no. 2, (2018) 023526, arXiv:1510.08553 [astro-ph.CO].
[63] Y. Ema, R. Jinno, K. Mukaida, and K. Nakayama, “Violent Preheating in Inflation with Nonminimal
Coupling,” JCAP 1702 no. 02, (2017) 045, arXiv:1609.05209 [hep-ph].
[64] E. I. Sfakianakis and J. van de Vis, “Preheating after Higgs Inflation: Self-Resonance and Gauge boson
production,” Phys. Rev. D99 no. 8, (2019) 083519, arXiv:1810.01304 [hep-ph].
[65] T. Han and S. Willenbrock, “Scale of quantum gravity,” Phys. Lett. B616 (2005) 215–220,
arXiv:hep-ph/0404182 [hep-ph].
33
[66] G. Dvali, “Black Holes and Large N Species Solution to the Hierarchy Problem,” Fortsch. Phys. 58 (2010)
528–536, arXiv:0706.2050 [hep-th].
[67] S. R. Coleman and E. J. Weinberg, “Radiative Corrections as the Origin of Spontaneous Symmetry
Breaking,” Phys. Rev. D7 (1973) 1888–1910.
[68] M. He, R. Jinno, K. Kamada, S. C. Park, A. A. Starobinsky, and J. Yokoyama, “On the violent preheating in the
mixed Higgs-R2 inflationary model,” Phys. Lett. B791 (2019) 36–42, arXiv:1812.10099 [hep-ph].
[69] F. Bezrukov, D. Gorbunov, C. Shepherd, and A. Tokareva, “Some like it hot: R2 heals Higgs inflation, but
does not cool it,” Phys. Lett. B795 (2019) 657–665, arXiv:1904.04737 [hep-ph].
[70] S. Pi, Y.-l. Zhang, Q.-G. Huang, and M. Sasaki, “Scalaron from R2-gravity as a heavy field,” JCAP 1805 no. 05,
(2018) 042, arXiv:1712.09896 [astro-ph.CO].
[71] D. Y. Cheong, H. M. Lee, and S. C. Park, “Beyond the Starobinsky model for inflation,” arXiv:2002.07981
[hep-ph].
[72] S. Kaneda and S. V. Ketov, “Starobinsky-like two-field inflation,” Eur. Phys. J. C76 no. 1, (2016) 26,
arXiv:1510.03524 [hep-th].
[73] Y.-C. Wang and T. Wang, “Primordial perturbations generated by Higgs field and R2 operator,” Phys. Rev.
D96 no. 12, (2017) 123506, arXiv:1701.06636 [gr-qc].
[74] M. He, A. A. Starobinsky, and J. Yokoyama, “Inflation in the mixed Higgs-R2 model,” JCAP 1805 (2018) 064,
arXiv:1804.00409 [astro-ph.CO].
[75] A. Gundhi and C. F. Steinwachs, “Scalaron-Higgs inflation,” arXiv:1810.10546 [hep-th].
[76] V.-M. Enckell, K. Enqvist, S. Rasanen, and L.-P. Wahlman, “Higgs-R2 inflation - full slow-roll study at
tree-level,” arXiv:1812.08754 [astro-ph.CO]. [JCAP2001,no.01,041(2020)].
[77] F. Feruglio, “The Chiral approach to the electroweak interactions,” Int. J. Mod. Phys. A8 (1993) 4937–4972,
arXiv:hep-ph/9301281 [hep-ph].
[78] G. F. Giudice, C. Grojean, A. Pomarol, and R. Rattazzi, “The Strongly-Interacting Light Higgs,” JHEP 06
(2007) 045, arXiv:hep-ph/0703164 [hep-ph].
[79] B. Grinstein and M. Trott, “A Higgs-Higgs bound state due to new physics at a TeV,” Phys. Rev. D76 (2007)
073002, arXiv:0704.1505 [hep-ph].
[80] A. Azatov, R. Contino, and J. Galloway, “Model-Independent Bounds on a Light Higgs,” JHEP 04 (2012) 127,
arXiv:1202.3415 [hep-ph]. [Erratum: JHEP04,140(2013)].
[81] R. Alonso, M. B. Gavela, L. Merlo, S. Rigolin, and J. Yepes, “The Effective Chiral Lagrangian for a Light
Dynamical "Higgs Particle",” Phys. Lett. B722 (2013) 330–335, arXiv:1212.3305 [hep-ph]. [Erratum:
Phys. Lett.B726,926(2013)].
[82] R. Contino, M. Ghezzi, C. Grojean, M. Muhlleitner, and M. Spira, “Effective Lagrangian for a light Higgs-like
scalar,” JHEP 07 (2013) 035, arXiv:1303.3876 [hep-ph].
[83] G. Buchalla, O. Catà, and C. Krause, “Complete Electroweak Chiral Lagrangian with a Light Higgs at NLO,”
Nucl. Phys. B880 (2014) 552–573, arXiv:1307.5017 [hep-ph]. [Erratum: Nucl. Phys.B913,475(2016)].
34
[84] R. Alonso, E. E. Jenkins, and A. V. Manohar, “A Geometric Formulation of Higgs Effective Field Theory:
Measuring the Curvature of Scalar Field Space,” Phys. Lett. B754 (2016) 335–342, arXiv:1511.00724
[hep-ph].
[85] R. Alonso, E. E. Jenkins, and A. V. Manohar, “Geometry of the Scalar Sector,” JHEP 08 (2016) 101,
arXiv:1605.03602 [hep-ph].
[86] R. Nagai, M. Tanabashi, K. Tsumura, and Y. Uchida, “Symmetry and geometry in a generalized Higgs
effective field theory: Finiteness of oblique corrections versus perturbative unitarity,” Phys. Rev. D100
no. 7, (2019) 075020, arXiv:1904.07618 [hep-ph].
[87] A. Helset, A. Martin, and M. Trott, “The Geometric Standard Model Effective Field Theory,”
arXiv:2001.01453 [hep-ph].
[88] J. Ellis, “TikZ-Feynman: Feynman diagrams with TikZ,” Comput. Phys. Commun. 210 (2017) 103–123,
arXiv:1601.05437 [hep-ph].
[89] D. Z. Freedman and A. Van Proeyen, Supergravity. Cambridge Univ. Press, Cambridge, UK, 2012.
http://www.cambridge.org/mw/academic/subjects/physics/
theoretical-physics-and-mathematical-physics/supergravity?format=AR.
35
